Introduction
The body-wall musculature of the Drosophila embryo is composed of an elaborate pattern of segmentally repeated muscle fibers. Each of the~30 distinct muscle fibers per hemisegment can be distinguished by shape, position and pattern of innervation. During mid-stages of embryogenesis, muscles derive through fusion of distinct myoblasts leading to the formation of syncytial myotubes at sites close to the epidermis (reviewed by Bate, 1993) . Following somatic muscle cell determination and their initial arrangement, the resulting myotubes stretch and enlarge through continued fusion with myoblasts (Bate, 1990 (Bate, , 1993 . They extend growth-cone-like polar processes at their leading edges to encounter their specific epidermal muscle attachment sites in the epidermis, to form stable contact with these cells of ectodermal origin (Bate, 1993) .
It is postulated that the intricate pattern of larval somatic musculature develops due to positional information maintained by the ectoderm during early as well as later stages of mesoderm development (Bate, 1993; Staehling et al., 1994; Frasch, 1995) . Mutations in segment polarity genes cause the absence or the ectopic appearance of muscle attachment cells and result in a disorganized muscle pattern (Volk and VijayRaghavan, 1994) . While it remains to be shown that the mutant effect is not due to the autonomous expression of the segment polarity genes within the mesoderm itself, an ectodermal contribution to the oriented growth of the myotubes seems likely. This assumption is consistent with earlier transplantation experiments with a different insect species (Williams and Caveney, 1980a,b) and with embryonic tissue culture experiments (Volk and VijayRaghavan, 1994) , both suggesting that the oriented migration of myotubes depends on positional information provided by ectodermal cells.
It had recently been reported that the Drosophila gene stripe (sr) is necessary for the establishment of the muscle pattern during embryogenesis (Volk and VijayRaghavan, 1994) . sr was initially identified through a weak mutation which shows a longitudinal 'stripe' covering the dorsal roof of the adult thorax (Bridges and Morgan, 1923) . This stripe results from a reduction of the dorsal longitudinal muscles causing inability of adults to fly. Stronger, embryonic lethal sr alleles, such as sr155 (De La Pompa et al., 1989) and sr deficiency mutant embryos, suggest that sr is required for the establishment of the normal larval muscle pattern (Volk and VijayRaghavan, 1994 
Results
Previous work indicated that a sr mutant allele generated by P-element reversion causes embryonic lethality with no visible sign of defects except that embryos exert an irregular muscle pattern (Volk and VijayRaghavan, 1994) . In order to assess sr muscle function in more detail, we examined muscle development in embryos which were homozygous for the strong sr155 allele or hemizygous for sr155 in trans over a deficiency. This deficiency, Df(3R)DG4, uncovers the sr locus by deleting the cytogenetic interval 90E1-2 to 90F3-11 on the third chromosome (Lindsley and Zimm, 1992) . Figure 1 shows the arrangement of somatic muscles as visualized by antimyosin heavy chain antibodies at stage 16 (stages according to Campos-Ortega and Hartenstein, 1985) the attachment cells (Figure 1 a-d) , the sr mutant embryos show myotubes extending elongated membrane processes that often bifurcate in different directions (Figure le and f). In fully differentiated sr mutant embryos, the myotubes were still not attached to the epidermis but instead are attached to other myotubes. Often the extended membrane processes of the myotubes cross the ventral midline ( Figure  If) , a phenomenon which could never be observed in wild-type embryos (Figure lb and d) . These defects indicate that the myotubes of sr mutant embryos are unable to form the stereotyped muscle pattern.
Cloning and molecular characterization of the sr gene In order to understand the role of sr in generating the somatic muscle pattern and to dissect its molecular function, we cloned the sr gene. To facilitate the cloning, we searched for a P-element insertion that causes a sr mutation. Surviving adults of the semi-lethal enhancer trap line 1(3)03999 (Karpen and Spradling, 1992) show the adult sr phenotype. The mutation generated by the 1(3)03999 P-element insertion fails to complement the alleles srl and sr155 (data not shown).
Cloning of the sr gene was initiated by plasmid rescue (Wilson et al., 1989) to isolate a DNA fragment flanking the P-element insertion (Figure 2a Figure 2 . The 1(3)03999 P-element insertion resides within the intron separating the different 5' regions from the common 3' region of the two transcripts (Figure 2a and b) . Mobilization of the P-element (Bellen et al., 1989 ) restored sr wild-type function due to the precise excision of the P-element (Figure 2c ). This indicates that the P-element insertion is the cause of the sr mutation. We also obtained embryonic lethal sr alleles associated with P-element excisions which failed to complement the alleles srl and sr155 as well as the deficiency Df(3R)DG4. Of those, the allele srGIl contains a 2074 bp deletion of genomic DNA causing an embryonic lethal sr allele (see Figure 2c) .
We isolated five different cDNAs. They code for two alternatively spliced transcripts which share the two 3' exons of the sr gene ( Figure 2b ). The corresponding two protein variants have a common zinc finger DNA-binding domain containing a triple zinc finger motif (Figure 3a ). This motif is diagnostic for the members of the egr-family of transcription factors of vertebrates (reviewed in Madden and Rauscher III, 1993) . Of the known egr-type proteins, the triple zinc finger motif of human egrl protein (for a recent review see Gashler and Sukhatme, 1995) is most similar to the sr proteins ( Figure 3b ). No sequence similarity has been found outside the triple zinc finger domain except for stretches of alanine and glutamine residues ( Figure 3a ) as commonly found in transcription factors (Courey and Tjian, 1988 clusters of segmentally arranged ectodermal cells ( Figure  4a ). At subsequent stages, when the myotubes stretch and enlarge by continuous fusion with myoblasts, sr expression persists exclusively in the epidermal cells to which the myotubes eventually become attached ( Figure 4b , c, f and g). sr b transcripts are found in all muscle attachment cells ( Figure 4d and h), whereas the sr a transcripts appear later in development and are restricted to a subset of these cells (Figure 4e and i). These results suggest that sr expression is confined exclusively to ectodermal cells and epidermal derivatives which serve as the muscle attachment cells. In order to establish the ectodermal restriction of sr expression unambiguously, we generated antibodies directed against the protein region common to both proteins (see Materials and methods). Antibody staining of whole mount preparations of embryos revealed that the sr proteins are expressed exclusively in the nuclei of ectodermal and epidermal cells (Figure 5 ), i.e. neither sr transcripts nor sr protein was found in muscles or muscle precursors. sr mutations affect muscle attachment cells and myotube guidance Since the nuclear location of the sr proteins and the conserved zinc finger DNA-binding consistently argue that sr encodes a cell-autonomous transcription regulator, we next asked whether the sr-expressing muscle attachment cells develop abnormally. For this we examined the expression of a set of known differentiation markers. As compared with wild-type (Figure 6a,c and e), the number of epidermal cells expressing the muscle attachment markers groovin (Volk and VijayRaghavan, 1994) , delilah (Armand et al., 1994) and ,1-tubulin (Buttgereit et al., 1991 
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expression of cellular marker genes such as nautilus (Michelson et al., 1990) , D-meJ2 (Lilly et al., 1994; Nguyen et al., 1994) and myosin (Kiehart and Feghali, 1986) are normal in sr mutant embryos (data not shown). At later stages, however, sr mutant embryos show a large number of unfused cells expressing the muscle-specific myosin heavy chain (examples marked with arrowheads in Figure le and Figure 1g and h indicate that the sr mutant myotubes fail to extend filopodia or their filopodia extend internally instead of following their normal tracks along the inner surface of the epidermis. Also, sr mutant myotubes often exert elongated processes in different directions (Figure 1g and h Pieler and Bellefroid, 1994; Gashler and Sukhatme, 1995) . Since transcription factors act in a cell-autonomous manner and sr is not expressed in muscles and/or muscle precursors, our results also provide evidence that the establishment of the muscle pattern in Drosophila requires the interaction between muscles and epidermal cells.
The possibility that the formation of the stereotyped muscle pattern in insects depends on an interaction between the two different germ layer derivatives is based on experiments involving rotated epidermal transplants with the beetle Tenebrio molitor (Williams and Caveney, 1980a,b) 1994) and the notion of defects in the muscle pattern in various segment polarity mutants (Volk and VijayRaghavan, 1994 Muscle attachment appears to involve the expression of cell-surface receptors, such as the position-specific integrins, in both the myotube and the epidermis. Mutations of individual integrin subunits, which are expressed in complementary patterns in the cell membranes of the epidermis and the muscle fibers, do not interfere with the formation of wild-type pattern of somatic musculature but rather cause the detachment as contraction occurs (Bogaert et al., 1987; Brown, 1994; Brower et al., 1995) . In the most severe integrin mutation myospheroid, the final muscle pattern observed at stage 16 is normal. .7
Fig. 6. Expression of muscle attachment cell-specific markers in wild-type (a, c and e) and corresponding epidermal regions of the sr mutant (b, d and f) embryos as visualized by whole-mount in situ hybridization. Note the differences in the expression patterns of groovin (Volk and VijayRaghavan, 1994 ) (a and b), delilah (Armand et al., 1994 ) (c and d) and ,Bl-tubulin (Buttgereit et al., 1991 ) (e and f) with respect to the number and patterns of expressing cells indicating that the normal differentiation of muscle attachment cells is impaired. Orientation of embryos is anterior left and dorsal to the top; for a detailed view of the attachment cell pattern see Figure 4 .
by integrin mutations suggests that sr acts at a different cellular level. sr already interferes with the recognition of the attachment cells by the myotubes or vice versa, while the integrins, and possibly a number of additional factors such as P1-tubulin (Buttgereit et al., 1991) and tiggrin (Fogerty et al., 1994) , are required to establish adherencetype junctions to withstand the tensile forces of muscle contraction once the myotube-epidermis connection is made. In addition to myotubes not attaching to the epidermis, we have noted expression of the muscle-specific myosin heavy chain in a large number of single cells or cell clusters, indicating that not all myoblasts have been fused with the migrating myotubes. They continue myogenesis as individual cells, probably guided by a cell-autonomous program. Laser ablation studies in grasshopper reveal distinct muscle pioneers (Ball et al., 1985) . In Drosophila, binucleate and trinucleate cells of mesodermal origin were found at corresponding positions. Bate (1990) inferred from these observations that muscle patterning is based on a single 'founder cell' for each muscle fiber and that the intermediate myotube collects a muscle-specific number of 'fusion-competent cells' when extending. Muscle fiber diversification might therefore be specified by information contained within the founder cells and transferred to the unspecified fusion-competent cells as they fuse with the enlarging myotubes (reviewed in Abmayr et al., 1995) . In sr mutant embryos, myotubes are detoured and form bifurcated cellular processes which grow in different directions and thereby alter their normal tracks. Taken together, these observations indicate that the ectoderm must provide positional information which attracts or orients the migrating myotube before it serves as a muscle-attachment cell. In view of the myosin heavy chain expressing single cells and unfused cell clusters, one can envision a scenario where, due to the misrouting of the myotubes, some fusion-competent myoblasts along the normal track are left aside and therefore undergo myogenesis in a cell-autonomous manner.
The notion of growth-cone-like structures at the leading edges of the myotubes (Bate, 1990) , their directed growth towards their epidermal targets (Bate, 1990 (Bate, , 1993 and the finding that the latter process requires sr-dependent information coming from a distinct set of epidermal cells, is reminiscent of the process of axonal pathfinding during neurogenesis including synaptic targeting (reviewed in Goodman and Doe, 1993) . We therefore assume that the sr-expressing epidermal cells may serve as a source of signals that act over a distance to be sensed by the growthcone-like processes of the migrating myotubes. The srexpressing cells may also or exclusively represent distinct guide-post cells, providing distinct molecular labels which are recognized by the leading edges of the myotubes. Since sr encodes a nuclear protein likely to act as a transcriptional regulator, it is obvious that sr can provide this function only indirectly.
We propose that sr is required for the early and late differentiation of the muscle attachment cells. Alternatively or in addition, sr may be essential for specific cellular aspects of attachment cell function by acting on top of a genetic circuitry that provides signaling and/or cell-surface molecules to be specifically recognized by the myotubes. Our data do not allow for distinction between these possibilities, since target genes of sr and the molecular nature of their products are not yet identified. Given the limited knowledge of the molecules and the mechanisms underlying cell guidance over distance and cell recognition, and the emerging conservation of myogenic processes throughout the animal kingdom (Donoghue and Sanes, 1994; Olson and Rosenthal, 1994) (Roberts, 1986) . The following strains were used: Oregon R wild-type flies, sr' (Bridges and Morgan, 1923), deficiency Df(3)DG4 (Lindsley and Zimm, 1992) , srI55 (De La Pompa et al., 1989) and the P-element insertion line 1(3)03999 (Karpen and Spradling, 1992) which develop the sr mutant adult phenotype (Costello and Wyman, 1986) . Mobilization of the P-element was performed as described by (Bellen et al., 1989) (Roberts, 1986) .
Cloning and sequence analysis (Studier and Moffat, 1986 (Sambrook et al., 1989) and used for immunization of rabbits at Eurogentec (Brussels).
The serum was pre-absorbed by an overnight incubation with fixed devitellinized embryos as described (Roberts, 1986) .
Analysis of expression patterns
Staged (Campos-Ortega and Hartenstein, 1985) wild-type and transheterozygous srl55IDf(3R)DG4 embryos were fixed either for in situ hybridization (Tautz and Pfeifle, 1989) or antibody staining (Macdonald et al., 1986) . In situ hybridization of fixed whole mounted embryos was performed as described (Tautz and Pfeifle, 1989 ) using either digoxigeninlabeled DNA probes derived from the transcript-specific 5' regions of the sr a and the sr b cDNAs respectively, or from the 3' cDNA region common to both transcripts. Antibody stainings were performed using the Vectastain ABC Elite horseradish peroxidase system according to the protocol as described (Macdonald et al., 1986) . The anti-myosin heavy chain antibodies were obtained from P.Fisher (New York).
